-We have shown that intermittent interruption of immediate reflow at reperfusion (i.e., postconditioning) reduces infarct size in in vivo models after ischemia. Cardioprotection of postconditioning has been associated with attenuation of neutrophil-related events. However, it is unknown whether postconditioning before reoxygenation after hypoxia in cultured cardiomyocytes in the absence of neutrophils confers protection. This study tested the hypothesis that prevention of cardiomyocyte damage by hypoxic postconditioning (Postcon) is associated with a reduction in the generation of reactive oxygen species (ROS) and intracellular Ca 2ϩ overload. Primary cultured neonatal rat cardiomyocytes were exposed to 3 h of hypoxia followed by 6 h of reoxygenation. Cardiomyocytes were postconditioned after the 3-h index hypoxia by three cycles of 5 min of reoxygenation and 5 min of rehypoxia applied before 6 h of reoxygenation. Relative to sham control and hypoxia alone, the generation of ROS (increased lucigenin-enhanced chemiluminescence, SOD-inhibitable cytochrome c reduction, and generation of hydrogen peroxide) was significantly augmented after immediate reoxygenation as was the production of malondialdehyde, a product of lipid peroxidation. Concomitant with these changes, intracellular and mitochondrial Ca 2ϩ concentrations, which were detected by fluorescent fluo-4 AM and Xrhod-1 AM staining, respectively, were elevated. Cell viability assessed by propidium iodide staining was decreased consistent with increased levels of lactate dehydrogenase after reoxygenation. Postcon treatment at the onset of reoxygenation reduced ROS generation and malondialdehyde concentration in media and attenuated cardiomyocyte death assessed by propidium iodide and lactate dehydrogenase. Postcon treatment was associated with a decrease in intracellular and mitochondrial Ca 2ϩ concentrations. These data suggest that Postcon treatment reduces reoxygenationinduced injury in cardiomyocytes and is potentially mediated by attenuation of ROS generation, lipid peroxidation, and intracellular and mitochondrial Ca 2ϩ overload.
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reactive oxygen species; hypoxia; reoxygenation; superoxide; ischemia; reperfusion TIMELY REPERFUSION AFTER MYOCARDIAL ischemia is the definitive strategy to salvage myocardium at risk of lethal injury. However, abrupt restoration of blood flow to the ischemic myocardium carries the potential of introducing additional cardiomyocyte injury and death (6, 47) . There are many mechanisms suspected of causing lethal reperfusion injury; i.e., robust release of reactive oxygen species (ROS; Refs. 14, 21), opening of the mitochondrial permeability transition pore (mPTP; Refs. 16, 26) , and contracture (39) . The cellular mechanisms involved in ROS-induced myocardial injury may include Ca 2ϩ dyshomeostasis (11, 33, 49) . One component of reperfusion injury observed in vivo resembles an inflammatory response involving neutrophil activation (48) , oxidant release (9) , and coordinated neutrophil-endothelial cell interactions (48) . This inflammatory response is only partially dependent on the presence of inflammatory cells, because oxidant species are generated by both endothelial cells and cardiomyocytes.
Our laboratory recently demonstrated that postconditioning, defined as a repetitive series of brief interruptions of reperfusion applied at the immediate onset of reperfusion, significantly reduced myocardial injury in canine (18, 53) and rat (29) models of reversible coronary occlusion. This cardioprotection was comparable but not additive to ischemic preconditioning (18) . Therefore, postconditioning is a rapidly evoked, endogenous, protective mechanism that exerts protection during the very early minutes of reperfusion. It has been suggested from in vivo studies that the cardioprotective effects of postconditioning are derived from inhibition of the neutrophil-mediated inflammatory response during early reperfusion (18, 52) . However, some studies suggest that cardioprotection exerted by postconditioning is partially independent of inflammatory cells, because it can be elicited in isolated buffer-perfused heart preparations (40, 50) . The ability of postconditioning to attenuate ROS generation by cardiomyocytes independent of neutrophils and other inflammatory cells has not been investigated. Furthermore, it has not been determined whether the cardioprotection of postconditioning involves a reduction in myocyte Ca 2ϩ accumulation. Finally, it has not been determined whether a postconditioning-like phenomenon can be elicited after hypoxia and reoxygenation. Accordingly, we hypothesized that hypoxia-reoxygenation-induced cardiomyocyte damage is attenuated in association with limiting ROS generation and intracellular Ca 2ϩ overload when cultured cardiomyocytes are postconditioned during the early phase of reoxygenation with repetitive cycles of reoxygenation and hypoxia, i.e., hypoxic postconditioning (Postcon) in the absence of inflammatory cells and subsequent endothelial cell-cell interaction-mediated events.
MATERIALS AND METHODS
The experimental animals were handled in compliance with the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health (NIH Publication No. 85-23, Revised 1996). The study protocol was approved by the Institutional Animal Care and Use Committee of Emory University.
Isolation of neonatal rat cardiomyocytes. Primary cultures of neonatal rat cardiomyocytes were prepared from 1-to 3-day-old Wistar rats. The hearts were rapidly excised, minced, and dissociated with 0.08% trypsin. The dispersed cells were then plated at a field density of 2 ϫ 10 5 cells/cm 2 on 60-mm culture dishes with DMEM supplemented with 10% fetal bovine serum (FBS) for a total volume of 5 ml. After 24 h of plating in an incubator with 95% O2-5% CO2 at 37°C, the culture medium was changed to DMEM with 10% FBS that contained 10 M cytosine arabinoside to eliminate noncardiomyocytes. After hypoxia, the culture medium was replaced with fresh oxygenated DMEM, and the dishes were transferred to a normoxic incubator (95% air-5% CO2) for 6 h of reoxygenation (45) .
Experimental protocols. After 5-6 days of cell culture in normoxic DMEM, the culture medium was freshly changed with 1% FBS-DMEM, and the cardiomyocytes were randomly divided into three groups as follows: 1) sham control (sham), whereby cardiomyocytes were seeded on the plate for a total of 9 h of normoxic incubation; 2) hypoxia-reoxygenation, in which the culture dishes were transferred to a hypoxic incubator in a humidified atmosphere that contained 95% N2-5% CO2 for 3 h of hypoxia (PO2 range in the incubator was maintained at Ͻ1%), and, subsequently, 6 h of reoxygenation; and 3) Postcon, in which postconditioning of cardiomyocytes was achieved using two different incubators (hypoxic and normoxic); at the end of 3 h of hypoxia, the cardiomyocytes were initially transferred to a normoxic incubator for 5 min and then returned to the hypoxic incubator for an additional 5 min without a change in culture medium. The postconditioning cycle was repeated three times and followed by 6 h of continuous normoxia (i.e., reoxygenation). In the Postcon group, each cycle of postconditioning hypoxia reduced the PO 2 of the medium by 60% relative to that seen at the end of each cycle of reoxygenation (Fig. 1) . In contrast, PO 2 in the culture medium of the hypoxia-reoxygenation group was restored to the baseline level over 20 min.
Identification and quantification of cell death by flow cytometry.
The cardiomyocytes were detached from each well by incubation with trypsin (0.25 mg/ml) and were resuspended in 75% cold ethanol after centrifugation. Cardiomyocytes (1 ϫ 10 5 cells/sample) were stained for 30 min with 0.5 ml of staining solution that consisted of 50 g/ml propidium iodide (PI; Molecular Probes; Eugene, OR), 10 g/ml RNase A, and 1 mg/ml sodium citrate in the presence of 0.1% Triton X-100 to quantify total cell death. The stained cardiomyocytes were analyzed by flow cytometry using a FACSCalibur system (Becton Dickinson; San Jose, CA) set to collect a total of 10,000 counts. Cell death was quantified as a percentage of the sub-G1 peak, which is an indicator of cell death.
Lactate dehydrogenase release. The amount of lactate dehydrogenase (LDH) released into the culture medium from the injured cells after 6 h of reoxygenation was assayed using a Sigma assay kit. The optical density of the tetrazolium product was determined spectrophotometrically (Molecular Devices; Sunnyvale, CA) at a 490-nm wavelength. The maximum LDH release was expressed as the percent activity from sham cells.
Superoxide anion production by lucigenin-enhanced chemiluminescence. Lucigenin, a compound that emits light upon interaction with superoxide anion, was used to quantify superoxide anion production from cardiomyocytes as described previously (37) . Specifically, the cardiomyocytes (1 ϫ 10 6 cells for each assay) harvested from different groups at the end of the 30-min reoxygenation were suspended in a polypropylene tube that contained 0.5 ml of phosphatebuffered saline and 5 M lucigenin; this concentration avoids recycling reactions. The lucigenin-enhanced chemiluminescence reactions were read over 3 min in a luminometer (Autolumat Plus LB953; Berthold Tech). Photomultiplier background signals were automatically subtracted. Superoxide anion generation values were expressed as relative light units (RLUs).
Quantitation of superoxide anion release by cytochrome c reduction. Production of superoxide anion was also measured as the SOD-inhibitable reduction of cytochrome c (54) . Briefly, after 50 l of cytochrome c (40 M) was mixed with 200 l of culture media samples, 250 l HBSS (5 mM Ca 2ϩ and 1.5 mM Mg 2ϩ ) was immediately added to the mixture. In control samples, 50 l SOD (100 g/ml) was added. The reaction was allowed to proceed for 10 min at room temperature after which absorbance due to cytochrome c reduction was measured spectrophotometrically at a 550-nm wavelength. Reduction of cytochrome c was calculated using a molar absorption coefficient of 21,000 mol/cm (54) . The results were expressed as micromoles per gram of protein.
Quantitation of hydrogen peroxide. Hydrogen peroxide in the medium was determined using a commercial Amplex red hydrogen peroxide assay kit (Molecular Probes). In the presence of peroxidase, Amplex red reagent reacts with hydrogen peroxide in a 1:1 stoichiometry to produce the fluorescent-red oxidation product resorufin. Briefly, the cardiomyocytes harvested after the experiment were initially lysed by three cycles of freeze-thawing, which was followed by centrifugation at 3,000 g for 10 min at 4°C. The supernatant was reacted with working solution (100 M Amplex red reagent and 0.2 U/ml horseradish peroxidase in a 1ϫ reaction buffer) in 96-well plates and was incubated at room temperature for 30 min. Absorbance of the color reaction was determined spectrophotometrically (Molecular Devices) at a 560-nm wavelength. The results were expressed as micromoles per gram of protein.
Determination of lipid peroxidation. Lipid peroxidation was estimated by measuring the concentration of malondialdehyde (MDA) in the isolated myocytes using a Lipid Peroxidation Assay Kit (Calbiochem; La Jolla, CA). Briefly, the cells were lysed by repetitive freeze-thawing and were mixed with reagent R1 (N-methyl-2-phenylindole in acetonitrile and methanol) for a total of 60 min at 45°C. The samples were centrifuged at 15,000 g for 10 min to clarify the supernatant just before being read, and the absorbance of the supernatant was determined by a spectrophotometer (Molecular Devices) at To validate the measurement of [Ca 2ϩ ]m, the cultured cardiomyocytes were transferred into a slide chamber after X-rhod-1 AM staining and were placed on the stage of a fluorescence microscope (ϫ50 objective; Olympus). The images from the slides were captured using a digital camera connected to and analyzed by Image-Pro Plus software (Media Cybernetics; Silver Spring, MD). Fluorescence intensity of [Ca 2ϩ ]m (subtracted from background fluorescence) was determined, and the fluorescence intensities of the images were expressed as arbitrary units per millimeter-square field as previously described (41) .
Statistical analysis. All experiments were repeated at least four separate times. Within each experiment, either duplicate or triplicate plates were analyzed for each parameter observed. Single time-point variables were analyzed by ANOVA followed by Student-NewmanKeuls test for multiple comparisons. Time-dependent comparisons among groups were analyzed by repeated-measures ANOVA followed by post hoc analysis with Student-Newman-Keuls for multiple comparisons. A P value Ͻ0.05 was considered significant. All values are expressed as means Ϯ SE.
RESULTS
Cardiomyocyte viability and LDH release. Hypoxia-reoxygenation significantly increased the number of dead cardiomyocytes as evidenced by an elevated peak and area under the curve of sub-G1 fraction compared with the sham control group (Fig. 2) . When cardiomyocytes were postconditioned at the onset of reoxygenation by brief, repeated cycles of reoxygenation-hypoxia, the number of dead cardiomyocytes was reduced on average by 45% compared with the hypoxiareoxygenation group. LDH leakage (percentage of sham control) in the culture medium determined after hypoxia-reoxygenation was significantly higher than in the sham control group (155 Ϯ 9 vs. 99 Ϯ 6 in sham control; P Ͻ 0.01; Fig. 3 ). LDH leakage in the medium was significantly reduced when cardiomyocytes were postconditioned before full reoxygenation (101 Ϯ 6; P Ͻ 0.01 vs. hypoxia-reoxygenation group). sham group, 9 h of cell culture in normoxic conditions; hypoxia-reoxygenation group, 3 h of hypoxia and 6 h of reoxygenation; and Post-con group, three cycles of 5-min reoxygenation and 5-min hypoxia after the 3-h index hypoxia but before 6 h of reoxygenation. Peak of sub-G1 fraction is an indicator of the number of dead cells. FL2-H, fluorescent intensity of propidium iodide. Each value represents the group mean Ϯ SE of at least six independent experiments. *P Ͻ 0.05 vs. sham control group; †P Ͻ 0.05 vs. hypoxia-reoxygenation group.
The reduction in cell death assessed by LDH activity in the medium is consistent with the reduction in the number of PI-positive cardiomyocytes.
Superoxide anion production in cardiomyocytes identified by chemiluminescence. To confirm whether postconditioning reduces superoxide anion production, the cardiomyocytes were collected after 30 min of reoxygenation once the cycles of postconditioning treatment were completed. As shown in Fig.  4 , lucigenin-enhanced chemiluminescence was increased only slightly during the 3-min assay period in the sham group. However, a fivefold increase in lucigenin-enhanced chemiluminescence was observed in the cardiomyocytes subjected to hypoxia-reoxygenation relative to that observed in the sham group. In contrast, this increase in lucigenin-enhanced chemiluminescence was significantly reduced by 70% in postconditioned cardiomyocytes relative to hypoxic reoxygenated cardiomyocytes (Fig. 4B) .
SOD-inhibitable cytochrome c reduction.
To further confirm superoxide anion generation measured by lucigenin-enhanced chemiluminescence, the cultured cardiomyocytes were also quantified using SOD-inhibitable cytochrome c reduction. A low level of cytochrome c reduction was detected in the sham control group as shown in Fig. 5 . However, SOD-inhibitable cytochrome c reduction was significantly increased from 1.8 Ϯ 0.6 M/g protein in the sham control to 6.5 Ϯ 1.2 M/g protein in the hypoxia-reoxygenation group (P Ͻ 0.01). Three cycles of postconditioning reoxygenation-hypoxia before the prolonged reoxygenation period decreased SOD-inhibitable cytochrome c reduction by 62% (2.6 Ϯ 0.5 M/g protein; P Ͻ 0.01 vs. hypoxia-reoxygenation group); SOD-inhibitable cytochrome c reduction by Postcon cardiomyocytes was not different from that in the sham cardiomyocytes. Taken together, the chemiluminescence data and cytochrome c reduction data support a direct attenuation of superoxide anion generation by postconditioning from hypoxic/reoxygenated cardiomyocytes.
Determination of hydrogen peroxide and MDA levels. Hydrogen peroxide in the medium was detectable after 9 h of incubation in the sham control group but was significantly increased in hypoxic reoxygenated cardiomyocytes relative to the sham control cells (5.4 Ϯ 0.6 vs. 10.1 Ϯ 1.5 M/g protein; P Ͻ 0.01). The level of hydrogen peroxide in the medium after 6 h of reoxygenation was significantly less in the group of cardiomyocytes treated with three cycles of postconditioning (5.8 Ϯ 0.5 M/g protein; P Ͻ 0.01 vs. hypoxia-reoxygenation group). MDA has been used as an indicator of lipid peroxidation from cardiomyocytes after exposure to ROS. MDA levels were significantly greater by 27% in the hypoxia-reoxygenation group relative to the sham control group (0.41 Ϯ 0.04 vs. Fig. 3 . Lactate dehydrogenase (LDH) activity in sham control, hypoxiareoxygenation, and Post-con groups. Post-con treatment significantly reduced LDH activity relative to hypoxia-reoxygenation group. Bars represent group means Ϯ SE of at least eight independent experiments. *P Ͻ 0.05 vs. sham control group; †P Ͻ 0.05 vs. hypoxia-reoxygenation group. 0.28 Ϯ 0.01 M/g protein; P Ͻ 0.01; Fig. 6B ). In contrast, MDA levels were significantly lower in the group treated with postconditioning immediately before the onset of reoxygenation.
[ Fig. 7B ). To corroborate the uptake of [Ca 2ϩ ] m quantified by spectrofluorometry, the X-rhod-1 AM-loaded cardiomyocytes were also visualized using a fluorescence microscope as shown in Fig. 8 . A weak, red fluorescent signal was apparent in the cardiomyocytes from the sham group, whereas it was more robust in hypoxic reoxygenated cardiomyocytes. A discrete pattern of fluorescence rather than a diffuse cytoplasmic distribution is suggestive of mitochondrial localization. In contrast, postconditioning reduced the intensity of overall red fluorescence by 58% (P Ͻ 0.01; Fig. 8 ).
DISCUSSION
Postconditioning is a mechanical strategy of modifying the very early moments of reperfusion by interrupting reflow with brief periods of ischemia. This mechanical process initiates other responses such as modulation of endogenous autacoid release during early reperfusion (28) and triggering of signaling pathways leading to cardioprotection (50, 51) . In previous studies, postconditioning was reported to reduce postischemic injury after reversible coronary artery occlusion (18, 29, 51, 53) . In some studies, the reduction in generation of lipid peroxidation products (MDA), endothelial dysfunction, and neutrophil accumulation in at-risk myocardium by postconditioning suggested that this intervention reduced the cellular inflammatory component of reperfusion injury (6, 9, 47) . These observations raised the question of whether the myocellular protection of postconditioning depends on the presence of inflammatory cells or whether there was an inflammatoryindependent component of protection. In the present in vitro study, which excluded neutrophils and other inflammatory Fig. 6 . Hydrogen peroxide (H2O2) concentration (A) and malondialdehyde (MDA) levels (B) in cardiomyocytes after 3 h of hypoxia and 6 h of reoxygenation. Post-con treatment significantly attenuated hydrogen peroxide generation and reduced malondialdehyde levels relative to hypoxia-reoxygenation group. Bars represent group means Ϯ SE of at least 10 independent experiments. *P Ͻ 0.05 vs. sham control group; †P Ͻ 0.05 vs. hypoxiareoxygenation group. cells, we found that postconditioning after a prolonged "index" hypoxia significantly reduced cardiomyocyte death as assessed by PI staining and LDH release into the medium. In addition, postconditioning reduced the generation of ROS evidenced by a decrease in both lucigenin-enhanced chemiluminescence and cytochrome c reduction. The attenuated ROS generation was also associated with lower values of MDA as a product of lipid peroxidation. Associated with these changes, the levels of intracellular and mitochondrial Ca 2ϩ were reduced after postconditioning. These data provide further evidence that postconditioning directly protects cardiomyocytes by inhibiting ROS-and Ca 2ϩ -related injuries independent of inflammatorylike, cell-cell interactions.
The generation of ROS is a major mechanism of cell injury after ischemia-reperfusion. The failure of oxygen radical scavengers to consistently prevent the physiological effects of ROS-mediated injury has to some extent challenged the importance of ROS in ischemia-reperfusion injury. Although ROS can be detected during both ischemia and hypoxia alone (10), a robust burst of ROS has been reported after reoxygenation (27, 55) or in vivo reperfusion (9) . In the in vivo situation, ROS are derived in large part from inflammatory cells (i.e., neutrophils) and neutrophil-endothelial interactions (2, 9). However, inflammatory cells are absent from isolated and cultured cell systems, and therefore ROS are generated by cardiomyocytes (31) . In the present study, a significant increase in ROS was observed during reoxygenation of isolated cardiomyocytes in the absence of inflammatory cells. Postconditioning reduced this production of ROS and lipid peroxidation products.
The observation from this study that a reduction in cell death was associated with less ROS generation and less Ca 2ϩ accumulation (both cytosolic and mitochondrial) may suggest a causative link between these events. Many previous reports (1, 22, 35) have shown that both generation of ROS and intracellular Ca 2ϩ overload play crucial roles in the induction of cell death during reperfusion and reoxygenation. A burst of ROS increases the Ca 2ϩ influx through L-type Ca 2ϩ channels and leads to cytosolic Ca 2ϩ accumulation (3, 11, 12, 33) . In addition, ROS have been reported to increase activity of the Na ϩ /H ϩ exchanger (42) and thereby lead to an increase in cytosolic Ca 2ϩ via reversal of the Na ϩ /Ca 2ϩ antiporter. Furthermore, Ca 2ϩ accumulation may occur secondary to decreased Ca 2ϩ sequestration via sarcoplasmic reticular Ca 2ϩ -ATPase (23) . Hence the accumulation of Ca 2ϩ in both the cytosolic and mitochondrial compartments by multiple pathways has been linked to the pathogenesis of necrosis (38) .
Increases in cytosolic Ca 2ϩ and ROS generation have both been shown to be primary stimuli for opening the mPTP (16, 20) . Indeed, opening of the mPTP may be a pivotal event in the transition from reversible to irreversible injury during reperfusion (8, 15, 26, 32, 49) . The increase in ROS generation and mitochondrial Ca 2ϩ accumulation during reperfusion or reoxygenation is consistent with the timing of the mPTP opening during the early moments of reperfusion (19) . Although other events during reperfusion can promote opening of the mPTP such as rapid realkalinization, the abrupt rise in cytosolic Ca 2ϩ has been shown to be sufficient to promote opening of the pore (16, 17) . Accordingly, a reduction of either ROS generation or intracellular Ca 2ϩ may be involved in the attenuation of cell death. By inference, this may have been a mechanism of protection with postconditioning. However, it was not determined whether Ca 2ϩ overload or increased levels of ROS was the triggering event during reoxygenation of isolated cardiomyocytes. Evidence supports the idea that the generation of ROS occurs first and then induces intracellular Ca 2ϩ overload (3, 11, 30, 33) . Fig. 8 . A typical fluorescence microscopic image shows superoxide anion production from cardiomyocytes after 3 h of hypoxia and 1 h of reoxygenation. Binding of ethidium from dihydroethidium produced red fluorescence, which represents superoxide production. Ethidium nuclear staining was considerably less intense in postconditioned cardiomyocytes. This image is representative of at least four experiments (magnification, ϫ400). Arb.u, arbitrary units. *P Ͻ 0.05 vs. sham control group; †P Ͻ 0.05 vs. hypoxia-reoxygenation group; n ϭ 10 fields.
In the present study, postconditioning reduced the generation of ROS (superoxide anions and hydrogen peroxide); this was also associated with a decrease in lipid peroxidation products (MDA), which is a presumptive measure of ROSmediated injury as well as membrane leakage of LDH. It was not determined whether ROS generation during the early moments of reoxygenation was reduced during the postconditioning period as supported by the lucigenin-enhanced chemiluminescence data during a later phase of the reoxygenation. Ostensibly, the early generation of ROS could be reduced during the postconditioning procedure by limiting the actual supply of substrate oxygen (substrate limitation) or by attenuating the enzymes involved in oxidant generation such as xanthine oxidase or endothelial NAD(P)H oxidase. A limitation of substrate oxygen as a mechanism of attenuating the ROS generation by postconditioning would be consistent with studies that report a reduction of postischemic or posthypoxic injury by low levels of oxygen perfusates (4, 5, 24, 34) . The level of hypoxia achieved during the 3-h index hypoxia was sufficient to elicit cellular damage, which was expressed as a number of hallmark pathological markers. However, whether the level of hypoxia achieved during the postconditioning interval (ϳ40 mmHg) was sufficient to limit oxygen diverted from basal and recovery metabolism to the generation of ROS is not clear. In quiescent cardiomyocytes, one study reports that the oxygen demands average ϳ0.268 l of O 2 /min per 10 5 myocytes (13), or 0.536 l/min for the 2 ϫ 10 5 myocytes/well used in the present protocol. Total oxygen utilization is calculated to be ϳ2.68 l/well of 2 ϫ 10 5 cells over each 5-min postconditioning cycle. The oxygen available in each 5-ml well at 37°C with an average PO 2 of 40 mmHg during postconditioning is calculated to be 6.2 l of O 2 /5-ml well. Therefore, the oxygen available exceeds the ambient demands of the cardiomyocytes assuming that there is no replenishment from the incubator's hypoxic environment. Hence it is not likely that postconditioning limits the oxygen available for ROS generation in the present experimental conditions, although this hypothesis must be tested in appropriately designed experiments. In addition, there are no data as yet on whether postconditioning attenuates activity of the various oxidant-producing enzymes in cardiomyocytes. As an alternative mechanism, postconditioning may have preserved the intracellular antioxidant reserve that is sometimes depleted by in vivo ischemiareperfusion (25) but less so in vitro (7) . However, the endogenous antioxidant status (glutathione peroxidase, catalase) was not determined in the present study.
The present study shows that postconditioning attenuates ROS generated by cardiomyocytes independent of other sources of ROS such as endothelial cells and neutrophils. However, this study does not determine whether postconditioning reduces ROS by modulating the release of triggers such as endogenous adenosine (28) , which has been reported to attenuate ROS generation (44) and salvage myocytes in hypoxic and ischemic conditions. Other factors such as nitric oxide may be involved in postconditioning (51) , although it is not yet clear whether nitric oxide acts as a proximal trigger or instead acts distal to ATP-sensitive K ϩ channels. Postconditioning may also trigger survival-signaling pathways or inhibit proinjury pathways mediated by ERK1/2 (51), PKC, or phosphatidylinositol 3-kinase-Akt (46a, 50) that may be involved in protection during reperfusion.
The duration of postconditioning cycles (i.e., 5 min each) differed from that used in in vivo studies of coronary occlusion-reperfusion (29, 50, 51, 53) . Indeed, the duration of each postconditioning cycle and the number of cycles applied have differed even between species in vivo (29, 52) . The 5-min duration of postconditioning cycles used in the present in vitro study was determined after pilot studies were performed that used a range of cycle durations. One hypothesis for the differences in effective cycle duration involves the species differences in the metabolic rate of the myocardium, which is lower for cardiomyocytes compared with in vivo small-and largeanimal working hearts. This difference in metabolic rate may be pertinent if postconditioning triggers or delays the release of endogenous autacoids (28) and may be important in determining the severity of the oxygen supply/demand mismatch that governs ROS generation during ischemia-reperfusion vs. hypoxia-reoxygenation. For example, hearts with a slow heart rate and low oxygen demand during ischemia (i.e., canine and rabbit) are postconditioned with longer period cycles (30 s) of reperfusion and ischemia compared with hearts with a faster heart rate (10-s period). A recent report supports this notion by showing that reperfusion-induced injury can be attenuated when a low metabolic rate organ such as liver is postconditioned by cycles of reperfusion-ischemia that last 2, 3, 5, and 7 min (46) . The role of cycle duration in effectiveness of cardioprotection still requires further clarification.
In conclusion, the present study demonstrates for the first time that postconditioning reduces cell death in isolated neonatal rat cardiomyocytes, which is in agreement with the observed cardioprotection of in vivo models (29, 52) . The reduction of the intracellular Ca 2ϩ overload coincident with an attenuation of ROS generation and ROS-mediated lipid peroxidation suggests that there is a component of protection by postconditioning that is independent of inflammatory and neutrophil-endothelial cell interactions. However, these data do not rule out an active role played by neutrophils and their products in the in vivo setting. Additional studies are required to clarify the inhibitory mechanisms operative in attenuating noninflammatory and inflammatory cell-mediated processes. The data from the present study provide evidence to further support previous findings (29, 52 ) that the ischemic reperfused myocardium can be protected from reperfusion injury by intermittent reperfusion and ischemia at the time when blood supply is restored. Postconditioning is therefore yet another example of endogenous cardioprotection marshaled by the heart.
